BN domains are easy to form in the basal plane of graphene due to phase separation. With first-principles DFT calculations, it is demonstrated theoretically that the band gap of graphene can be opened effectively around K (or K') points by doping the small BN domains. It is also found that the random doping with B or N is possible to open a small gap in the Dirac points, except for the modulation of Fermi level. The surface charge which belongs to the π states near Dirac points is found to be redistributed locally. The charge redistribution is contributed to the change of localized potential due to the doping effects. This may be the reason that the energy states near Dirac points is just disturbed in the energy region [-0.4eV, 0.4eV] for the doping of BN domain. Thus, we suggest that the band opening induced by the doped BN domain is due to the breaking of localized symmetry of the potential. Doping graphene with BN domains is an effective method to open a band gap with quasi-linear dissipation near Dirac point.
I. INTRODUCTION
Graphene, consisted of a stable monolayer of carbon atoms with honeycomb lattice, has attracted enormous attention [1] [2] [3] [4] recently due to the fascinating physical properties [5] , such as abnormal quantum Hall effects [6] and massless Dirac fermions [7] , which is attributed to the special linear behavior of electronic band near Fermi level in K (or K ′ ) points of Brillouin zone. However, the linear gapless spectrum of graphene conflicts with the basic requirement for its application in traditional electronic devices [8, 9] , since in the most microelectronic devices, such as field-effect transistors, the active material for the transport layer needs the presence of energy gap by which the conducting behavior of electrons or holes as charge carrier can be controlled with the voltage. Therefore, with the expectation of bandgap in graphene energy spectrum, the design of its band structure has spurred an intense scientific interest. Many different methods have been test to modulate the electronic properties of graphene [10] [11] [12] [13] [14] [15] [16] [17] .
For engineering the band gap, these mechanisms tested can be divided into three aspects. Firstly, with quantum limit effect of size, the gap is possible to be opened by tweaking the width or carving graphene into some geometry [12, 18] , such as graphene nanoribbon. Secondly, it is to interact with different substrates [19] , such as BN layer or [0001] SiC substrate [11] , or to use electronic field with two-layer graphene to break the sym- * xffan@ntu.edu.sg metry of graphene for gap opening [10, 14, 16] . Thirdly, modulating the electronic properties is by functionalizing the graphene [15, 17, 20, 21] . For examples, introducing Stone-Wales defects [13] in the graphene layer, physically absorbing some chemical molecules on graphene [20] and hydrogenation of graphene [17] . Despite these recent progresses, an effective method for band gap opening still remains to explore. It is noticed that the difficulty of controlling the edge with scissor technique, the complex of electrically gated bilayer graphene, the weak disturbance to the electrons of graphene layer with physical absorption and the destroy of planar network of graphene with chemical absorbtion. It is also possible to be an effective method that using traditional alloying mechanism to modulate the band gap at K (K ′ ) points of graphene. Unfortunately carbon stays the second row of the table and it is difficult to find an appropriate element to alloy the carbon with 2D structures. Considering the compound BN is from the two elements near the carbon, we will explore systematically the change of electronic properties of graphene by alloying graphene with small concentration of Boron nitride (BN).
BN is isoelectronic to carbon with similar structures, for examples 3D structures cubic-BN and diamond, 2D layer structures hexagonal-BN and graphite. It is known that BN sheet is with large band gap. Thus, it is possible that the band gap will be opened effectively by alloying graphene with BN. However, we have the experience that BN is difficult to be solubilized with carbon for any structures, such as, cubic phase, sheet structure and fullerenelike structures. This is mostly contributed that the B-N and C-C bonds with large bonding energy is stronger than the B-C and N-C bonds and result in the phase sep-aration with carbon region and BN region. However, by properly controlling the growth process, the BCN nanostructures with the rich variety of physical properties can be synthesized [22, 23] , such as the report about single layer graphene with BN large domains by hybridizing BN and graphene [22] . By the controlling of the thermodynamic process or chemically introducing the hybridization of graphene and BN molecule or B 3 N 3 H 3 molecule, the graphene with small BN domains will be possible to be gained, since the lattice constants of graphene is just a little difference from that of BN sheet which makes the strain energy is small in the process of alloying and the graphene fragment will be connected with small BN domain in the thermodynamic process. In this paper, we will show theoretically that the band gap of graphene can be opened effectively around K (or K ′ ) points with alloying the small BN domains under the limit of low concentration, even under that of the concentration for doping with BN domains.
With the density functional calculations, we explore firstly the doping effect of B and N in graphene. With the unexpected case, the doping effect on the 2D sheet graphene is different from that on the 3D case of usual semiconductors. As expected, the B atom is less an electron than C atom and the doping of B will result in the down-shift of Fermi level for obtaining the hole as carrier. The N atom is more an electron than C atoms and the doing of N will induce the up-shift of Fermi level for gaining the electron as carrier. Surprisingly, the B or N doping can open a gap around Dirac point in the special case. Then we studied the question carefully by analyzing the calculation. For the doping or alloying of small BN domain, we detect the change of band structures and the effect of band opening for the incorporation of BN molecule, (BN) 3 and (BN) 12 for each concentration. With the analysis of charge redistribution and potential redistribution due to the introduction of small BN domain, it is found that the surface charge states of graphene which belongs to the π electrons is sensitive to the redistribution. Thus, we suggest that the redistribution of surface charge which breaks the local symmetry of graphene is the main reason of band gap opening of graphene. In additional, the coulomb dipole from BN molecule may be also important to the breaking of symmetry of graphene structure and thus to the band gap opening.
II. CHOICE OF STRUCTURES AND COMPUTATIONAL METHOD
To model the 2D graphene with alloying or doping the B, N and different BN domains, the supercell approach is used for the structures. In order to avoid the spurious coupling effect along z-axis due to the periodic images, the vacuum separation in the model structures is set to 15Å. The graphene plane models are constructed from hexagonal 2×2, 3×3, 4×4, 5×5, 6×6, 8×8, 10×10 and 12 × 12 unit cells, respectively. For alloying or doping the small BN domains, we consider the BN molecule, (BN) 3 and (BN) 12 to merge into the graphene basal plane, as shown in Fig.1 .
In the present work, the accurate frozen-core fullpotential projector augmented-wave (PAW) method, as implemented in the Vienna ab initio simulation package (VASP) [24, 25] is used. With density functional theory, the electronic density with the exchange and correlation effects is computed under the local density approximation (LDA). The k-space integral and plane-wave basis, as detailed below, are tested to ensure the total energy is converged at the 1 meV/atom level. The kinetic energy cutoff of 550 eV for the plane wave expansion is found to be sufficient and the Monkhorst-Pack method is used to choose k points in moment space. By the optimization process, the lattice constants of graphene and BN sheets obtained are 2.44Å and 2.48Å, respectively. The values are near the experimental value obtained at low temperature (2.46Å for graphene and 2.50Å for h-BN) with small underestimation. It is noticed that the electronic bands near surface is not very sensitive to the small change of lattice constant for the graphene and single layer BN sheet. Therefore, for the optimization of the systems with doping or alloying with low concentration, the lattice parameters are fixed with the consideration of Vegard's law and the internal coordinates of atoms are relaxed fully. After relaxation of structures, the strain on the systems is very small and the relaxed structures are found to follow Vegard's rules well.
III. RESULTS AND DISCUSSION
A. Doping pristine graphene by B and N Due to the weaker bond energy of B-B and N-N than C-N and C-B, the boron or nitrogen is relatively easy to alloy with sp 2 -hybridized carbon materials, such as graphite, CNT, graphene oxide and graphene. With the relaxation and optimization of the structure, it is found that the lattice constant just has a little change and the local strain is also small due to the introduction of B or N in the lattice of graphene as a doping effect. This means that the 2D planar structure is not destroyed due to the small amount of B, N and BN which is not like the effect of chemical absorption, such as hydrogen absorbed on graphene.
For the usual semiconductors, the point defect as an acceptor or donor is introduced into the lattice of host will induce an accepter energy level near the top of valance band or donor energy level near the bottom of conduction band in the band gap of the host's energy spectrum and thus the formation of the p-type or n-type material. However, Duo to the zero band gap of graphene, it is possible that boron or nitrogen in the lattice matrix of graphene will result in the special defect energy level in valance bands or conduction bands which are contributed to the p orbitals. As shown in Fig.2 C and D , the doping of B results in the down-shift of Fermi level and the doping of N results in the up-shift of Fermi level. With the thermal anneal of graphene ribbon in ammonia, the experiment have confirmed that the introduction of nitrogen can result in n-doped graphene material [26] .
Near Dirac points, the linear dispersion can be expressed as E ± ≈ ±υ F |q|, where q is the momentum related to the Dirac points and υ F is Fermi velocity [2] . With the linear relation, the density of states per unit cell can be given by ρ = 2A|E|πυ Though the boron or nitrogen in the lattice matrix of graphene does not induce any defect energy states near Dirac points, the band states near the Dirac points have been disturbed to some extent. As shown in Fig. 2 A and B, in some concentration, an energy gap is induced around the Dirac point. It may be considered that the symmetry of the two sublattices is broken by the doped boron or nitrogen is the important reason. However, this can not explain that the band gap is not opened in the B or N-doped graphene with 3n × 3n (n = 1, 2, 3, · · ·) unit cell. We need to check the change of band structure of graphene due to the introduction of B or N. In Fig. 3 , we compare the band structure of B-or N-doped graphenes to the prime graphenes with 5 × 5 and 6 × 6 unit cells. It is assured that there are not the localized defect states in the energy spectrum of doped graphene. This may be attributed to the strong interaction of B (or N) and C and the small difference of electronegativity, with the sp 2 -hybridization. For B-doped graphene, a new hybridized band around -1.0 ∼ -1.5 eV under Dirac point is formed. For N-doped graphene, there is a new hybridized band at about 1.0 eV above the Dirac point. The new band affects strongly the band structure near energy ranges and thus the charge will be possible to be redistributed (see the subsection below for details). Therefore, the bands near the Dirac points will be disturbed. For the lattice with 3n × 3n unit cell, the Dirac points are folded to the Γ point due to the reduction of first Brillouin zone. It is well known that the two carbon in the unit cell which is not equivalent from symmetry result in the symmetry non-equivalence of K and K ′ points in the momentum space. The states around Dirac points from the K and K ′ points will interact at the Γ point of reduced Brillouin zone for B or N-doped graphene with 3n × 3n unit cell. Therefore, the states near Dirac point from different bands are hybridized and thus the band gap is closed. 
B. Doping pristine graphene with small BN domains
We firstly analyze the band structure of alloy (BN ) 1−x (C 2 ) x . It is noticed that the B and N domain is impossible to be formed in the alloy due to the weaker binding energy of B-B and N-N bonds in the planar structure. Thus, we simply construct the alloy structure in 2 × 2 unit cell ((BN ) 1 C 6 and (BN ) 3 C 2 with symmetry group AM M 2 , (BN ) 2 C 4 with symmetry group P M M 2 ) and the band structures are calculated, as shown in Fig.4 . The Fermi level is found to be not shifted and the two bands near the Dirac point is the major characteristic for the alloys. For the concentration of BN is 50% and 75%, the band gap is indirect. With the concentration 50%, the energy difference of T → K, T → T and K → K are 2.058 eV, 2.24 eV and 2.48 eV, respectively. With the concentration 75%, the transition energies of K → T , T → T , K → K are 2.73 eV, 2.75 eV and 3.235 eV, respectively. The relation between band gap and concentration is almost linear with a small concavity around the concentration 75%, as shown in Fig. 4F . Therefore, with alloying BN, the band structure can be modified effectively with the opened band gap. However, It is obvious that the ordered alloy (BN ) 1−x (C 2 ) x with 2D planar structure is difficult to form, since BN just have small solubility in carbon materials.
With the thermodynamic process, it is possible that small amount of BN can be doped into the planar lattice of graphene. Due to the separation of phase, BN will precipitate and form the domain in the graphene. With the thermal catalytic CVD method, Ci et al. have gained the hybrid h-BNC material with localized BN domains and graphene domains [22] . By the development of material growth techniques, it is possible to obtain the graphene with small localized domain of BN. Now we considered what the shape of localized domains is. Since the binding energies of C-C and B-N bonds are larger than that of B-C and N-C bonds, the B-N and C-C bonds will tend to segregate and thus that the relative stable states will be with smaller amount of B-C and N-C bonds. With consideration of bond rule, the sum of the number of C-C, B-N, B-C and N-C is a constant. For the localized regions with different shapes and same areas, the domain with circle will have the smallest length of the boundary and thus the smallest number of B-C and N-C bonds. Therefore, the small domain of BN, (BN) 3 and (BN) 12 will be possible to exist in the graphene with the shapes which is shown in Fig. 5 . In additional, it is possible that the doped graphene can be obtained by the combination of small pieces of graphene (such as C 6 H 6 ) and BN molecules (or (BN ) 3 H 3 , (BN ) 12 H 6 ) with chemical methods.
Here we demonstrate the electronic properties of doped graphene with small domain of BN, by calculating the doping of BN, (BN) 3 and (BN) 12 with different unit cell for the consideration of domain size and the concentration of dopants, as shown in Fig. 5 and Fig. 6 . With the BN doping, the band gap is opened in the Dirac points and Fermi level is still around the Dirac points and not shifted. Due to the isoelectronic property of BN and C 2 , the codoping of B and N is similar with the alloying effect of BN as shown in Fig. 4 and the localized defect stats is not found in the band structure, as shown Fig.6 . However, the change of band gap with the increase of concentration due to the doping of BN domains is not linear and there are two dips around the concentrations 0.04 and 0.12 in the curves of band gap vs. concentration. In the low concentration region, the charge of band gap due to the difference of domain size is small. This means the band gap in the Dirac points can be modulated effectively with the formation of small BN domain in the lattice of graphene with small concentration.
In Fig. 6 A small region around the Dirac points. In the higher or lower energy region, the introduction of BN in lattice of graphene has broken the symmetry of band states and given an obvious perturbation to the eigenvalue of each state to make the small up-or down-shift for the energy. It is obvious that the conical dispersion is retained and the band departs from the linear dispersion asymptotically just around the Dirac points and thus opens a gap in the small region. With the increase of the concentration, the linear dispersion is modified in a relatively larger region of energy with a lager band gap. The phenomenon that bands around Dirac points are modulated is not changed obviously following the change of size of the small BN domains, as shown in Fig. 6 C, D, E and F. It is interesting that in the case of B or N doping with 3n × 3n unit cell, the eigenstates around the Dirac points is obviously perturbed and the degenerated energies of π and π * states are destroyed with zero band gap due to the symmetry break of the two sublattices. In the case of BN codoping, the degenerated energies of π or π * states are not broken with an opened band gap. This may be due to the isoelectronic property of BN for C 2 and the redistribution of charge in the region near the Dirac points. It is well known, with sp 2 hybridization, the stable 2D hexagonal sheet is formed with the σ bonds. Obviously, the σ bond is strong can be contributed that the sp 2 hybridized orbitals of the nearest-neighbour carbon atoms is superposed largely and thus makes the charges are mostly distributed in the region between two carbons. Duo to Pauli exclusion principle, the electron of the remnant p z orbitals will be distributed on the surface of network of σ bonds. This results that the electronic states of π orbitals are sensitive to the local perturbations and the electrical properties of graphene is easy to be changed after the physical or chemical adsorption of gaps molecules due to the charge exchange and charge transfer. It is interesting that the electron charges of π orbitals near the Dirac points are mostly distributed on the carbon atoms due to the electrons of σ mostly at the region between two carbons, as shown in Fig. 7 F. This is also the reason that the electronic states are put on the carbon atom in the theoretical model which is used to study the low-energy electronic properties near the Dirac points.
With the introduction of B, N or BN into the lattice of graphene, the charge distribution of σ bonds is not obviously changed. At the same time, the distribution of π electrons is disturbed strongly. As Fig. 7 A shown, the charge of nitrogen near the Dirac point is localized and isolated and the charge of three neighbor carbons is reduced. It is obviously that some of charges of N atom is transferred into the electronic states of π * orbitals of carbon atoms and thus make the Fermi level up-shift. For B-doping, as shown in Fig. 7 B, the charge from other carbon has a trend to congregate to B atom because the B atom is less one electron than C atom. Thus, this makes the charge of three neighbor carbon atoms increased and the localized congregation of charge around boron atom makes the Fermi level down-shift. The projected charge distribution of doped graphene with BN molecule, (BN) 3 and (BN) 12 domains are demonstrated in Fig. 7 C, D and E, respectively. It is clear that the effect of B and N in the BN codoping to the neighbor carbon atoms is very similar to that of the isolated B-or N-doping. The effect of domain of BN to the carbon atoms of the sheet plane is localized. Due to isoelectronic property of BN and C 2 , the Fermi level is not shifted. Thus, the open of band gap may be attributed to the localized symmetry break of sublattices.
As shown in Fig. 8 F, the local potential in the plane xy paralleled to the sheet plane with a distance about 1.2Å reveals the reason that the charge near Dirac points localized on carbon atoms. With the B-doping shown in Fig. 8A , the B atom has a localized low potential and thus attracts the other electron from carbon atoms. The attraction is not enough that makes the redundant charge localized on B atom. However, this results in the redundant charge localized on three neighbor carbons. For the N-doing, as show in Fig. 8 B, the potential of three carbons near boron is lower. Thus, the charge of N atom has a trend to diffuse to the near carbon atoms. As shown Fig. 8 C and D, the introduction of BN domain in carbon lattice breaks the symmetry of potential which decides the distribution of charge near the Dirac points.
IV. CONCLUSION
In summary, the effects of B-, N-and BN-doping or alloying to the electronic property has been studied by first-principles DFT calculations. It is found that the introduction of small BN domain in the lattice of graphene can be an effective method to open the band gap at the K (or K ′ ) points. The modulation of gap is not sensitive to the size of BN domain and dependent on the concentration of BN. For B or N doping, it is found that the shift of Fermi level depends on the concentration of B or N. The doping of B or N can also open a gap in the Dirac points, while it is found that the single atom doping is not an effective method for engineering band structure of graphene. Furthermore, the band gap can not be opened when the graphene with 3n × 3n unit cell is doped by B or N. This can be contributed that the perturbed potential result in the coupling of π and π * states near Dirac points from K and K ′ both which is folded to the gamma point. However, we can predict that the band gap of the actual sample with B or N doping should be opened due to the disorder effect of doping.
By analyzing the projected charge distribution, the surface charge which belongs to the π states near the Dirac points is obviously disturbed and redistributed after the doping of B, N or BN domains, through the electronic states belong to the σ bands are not visually changed. The charge redistribution due to the doping is localized may be the reason that the energy states near Dirac points is just disturbed in the energy region [-0.4, 0.4] for the doping of BN domain. With the analysis of projected potential, the charge redistribution is considered to be a result of the small change of localized potential due to the doped defects. Thus, the band opening due to the doping of BN domain can be attributed to the breaking of localized symmetry. From the charge redistribution, we also suggest that the scattering from the doped defects may have not evident effect to the mobility of carriers in the graphene. With the doping of BN domain, we can obtain an effective band gap for the application of graphene on next-generation microelectronic devices.
